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After growing successfully TaP single crystal, we measured its longitudinal resistivity [pxx] and Hall 
resistivity {pyx) at magnetic fields up to 9T in the temperature range of 2-300K. It was found that 
at 2K its magnetoresistivity (MR) reaches to 3.28x10®%, at 300K to 176% at 8T, and both do 
not appear saturation. We confirmed that TaP is indeed a low carrier concentration, hole-electron 
compensated semimetal, with a high mobility of hole ^^=3.71x10® cm^/V s, and found that a 
magnetic-field-induced metal-insulator transition occurs at room temperature. Remarkably, as a 
magnetic field {H) is applied in parallel to the electric field {E), the negative MR due to chiral 
anomaly is observed, and reaches to -3000% at 9T without any signature of saturation, too, which 
distinguishes with other Weyl semimetals (WSMs). The analysis on the Shubnikov-de Haas (SdH) 
oscillations superimposing on the MR reveals that a nontrivial Berry’s phase with strong offset of 
0.3958 realizes in TaP, which is the characteristic feature of the charge carriers enclosing a Weyl 
nodes. These results indicate that TaP is a promising candidate not only for revealing fundamental 
physics of the WSM state but also for some novel applications. 

PACS numbers: 72.90-|-y;72.i0.-d;72.15.Om 


The Weyl semimetal (WSM) phase, in which the bulk 
electronic bands disperse linearly along all momentum 
direction through a node, the Weyl point, in a three- 
dimension (3D) analogue of graphere, can be viewed 
as an intermediate phase between a trivial insulator 
and a topological insulator[ll-Q. Although a number of 
candidates for a WSM were previously proposed, such 
as, Y 2 lr 207 [l] and HgCr2Se4[3| compounds, in which 
magnetic order breaks the time-reversal symmetry, and 
LaBii_ 2 :Sba;Te 3 [^ compound, in which fine-tuning the 
chemical composition is necessary for breaking inver¬ 
sion symmetry, a WSM has not realized experimentally 
in any of these compounds due to either no enough 
large magnetic domain or difficulty to tune the chemi¬ 
cal composition within 5%. Very recently, the theoreti¬ 
cal proposal[l,[l^ for a WSM in a class of stoichiometric 
materials, including TaAs, TaP, NbAs and NbP, which 
break crystalline inversion symmetry, has been soon con¬ 
firmed by the experiments lll-ll4| , except for TaP due 
to difficulty to grow large crystal. The exotic transport 
properties exhibiting in these materials ignite an exten¬ 
sive interesting in both the condensed matter physics and 
material science community, especial for their extremely 
large magnetoresistance (MR) and ultrahigh mobility of 
charge carriers. 


Materials with large MR have been used as mag¬ 


netic sensors 


16l| , in magnetic memory 17] , and in hard 


drives [ig at room temperature. Large MR is an uncom¬ 
mon property, mostly of magnetic compounds, such as 
a giant magnetoresistance (GMR)[l^ emerging in Fe/Cr 
thin-film, and colossal magnetoresistance (CMR) in the 


manganese based perovskites [13, HH . In contrast, ordi¬ 
nary MR, a relatively weak effect, is commonly found 
in non-magnetic compounds and elements]^. Mag¬ 
netic materials typically have negative MR. Positive MR 
is seen in metals, usually at the level of a few per¬ 
cent, and in some semiconductors, such as 200% at 
room temperature in Ag 2 + 5 (Te,Se)J^|, comparable with 
those of materials showing CMR [24| , a nd semimetals, 
such as high-purity bismuth, graphite 25j, and 4.5x10"^% 
in WTeo |26| . In the semimetals, very high MR is at¬ 
tributed to a balanced hole-electron ’’resonance” condi¬ 
tion, as described in Ref.ji^. WSM provides another 
possibilit y to realize extremely large MR, as obseryed in 
TaAs [H111, NaAsji^ and NbP[3, moreoyer, the heli¬ 
cal Weyl fermions with unprecedented mobility are well 
protected from defect scattering by real spin conserya- 
tion associated to the chiral Weyl nodes. Thus, it is yery 
interesting not only for fundamental physics, but also for 
practical application to search for more WSM compounds 
and characterize their MR behayior. 


TaP crystalizes in a body-centered tetragonal lattice 
with nonsymmorphic space group //imd(Vo.l09), which 
lacks inyersion symmetry, shown in Fig. 1(a), which is 
one of the member predicted as a WSM in Refs. In 

this letter, we grew successfully TaP single crystal, then 
measured its longitudinal resistivity {pxx) and Hall re¬ 
sistivity {pyx) at magnetic fields up to 9T and in the 
temperature range of 2-300K. It is found that at 2K 
its MR reaches to 3.28x10®%, and at 300K to 176% at 
8T, and both do not appear saturation, and a magnetic- 
field-induced metal-insulator transition occurs at room 
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FIG. 1. (Color online) (a) Crystal structure of TaP with a 
body-ceentered tetragonal structure, (b) Photo of TaP crys¬ 
tal. (c) XRD pattern of powder obtained by grinding TaP 
crystals. Its Rietveld refinement is shown by the line, (d) 
Energy Dispersive X-ray Spectrometer (EDXS) for the TaP 
crystal. 


FIG. 2. (Color online) (a) Temperature dependence of lon¬ 
gitudinal resistivity, pxxi^), measured at different magnetic 
field for TaP single crystal, (b) MR scaling law with magnetic 
field (c) Magnetic field dependence of MR for below lOOK. (d) 
for above lOOK. 


temperature. Hall resistivity measurements confirmed 
that TaP is indeed a low carrier concentration, hole- 
electron compensated semimetal, with the high mobility 
/i/i=3.7IxlO^ cm^/V s. Remarkably, as a magnetic field 
{H) is applied in parallel to the electric field (i?), the neg¬ 
ative MR due to chiral anomaly is observed, reaches to 
near -3000% at 9T without any signature of saturation, 
which distinguishes with other WSMs and may originate 
from a larger distance between Weyl nodes in the mo¬ 
mentum space. We have also confirmed that a nontrivial 
Berry’s phase with strong offset of 0.3958 realizes in TaP, 
which is the characteristic feature of the charge carriers 
enclosing a Weyl nodes. 

Single crystals of TaP were grown using a chemical 
vapor transport method. Polycrystalline TaP prepared 
previously was filled in the quartz tube with a lOmg/cm^ 
Iodine as a transporting agent. After evacuated and 
sealed, the quartz tube was heated for three weeks in 
a tube furnace with a temperature field of AT=950- 
850°C. Large polyhedral crystals with dimensions up to 
1.0 mm were obtained, as shown in Fig. 1(b). En¬ 
ergy Dispersive X-ray Spectrometer (EDXS) was used 
to determine the crystal composition, and stoichiomet¬ 
ric TaP was confirmed. X-ray diffraction (XRD) pattern 
[see Fig. 1(c)] at room temperature of the TaP pow¬ 
der by grinding pieces of crystals confirms its tetragonal 
structure, and its Rietveld refinement (reliability factor: 
Rwp= 7.18%, x^= 2.973) gives the lattice parameters of a 
= 3.3184(±0.0001) A and c = 11.3388(±0.0001) A. Elec¬ 
trical resistivity in magnetic field {H) and Hall resistivity 
measurements were carried out using a Quantum Design 
Physical Property Measurement System (PPMS). 


Figure 2 summarizes the resistivity {pxx) results mea¬ 
sured at different H, which was applied in c axis, and nor¬ 
mal to the current, and various temperatures ( T) of TaP 
crystal. As shown in Fig. 2(a), the temperature depen¬ 
dence of resistivity, Pxxi^), at H=0T displays a metallic 
behavior with p(300K)=77.98 /iH cm, and p(2K)=1.933 
p,Q cm, thus estimated residual resistivity ratio [RRR] 
=p(300K)/p(2K)'^ 40. It is obvious that the crossover 
from ’’metallic” to ’’insulating” behavior as a magnetic 
field is applied, that looks like a magnetic-field-induced 
metal-insulator transition. On lowering the temperature 
the resistivity increases, as it does in an insulator, but 
then saturates towards field-dependent constant values at 
the lowest temperature, more clearly seen in the log-log 
plot in the main panel of Fig. 2(a). The similar behavior 
has also been observed in the conventional semimetals, 
such as high-purity Bi[23|, graphiteWTe 2 0 and 
/3-Ag2Te[30|, l3]|, and in the Dirac semimetal Cd.sAs 2 321 
and other Weyl semimetals TaAsfl^ H^ . NbAs 331 and 
NbP[il, [H. This similarities invite an interpretation 
that ascribes this interesting behavior to the properties 
shared by these compounds, namely, low carrier density 
and an equal number of electrons and holes (compen¬ 
sation). In contrast with that the metallic behavior re¬ 
mains at higher temperature even at high field in the 
WTe 2 [ 2 i| and /3-Ag2Te[33,[3il , the metal-insulator tran¬ 
sition occurs at room temperature at above 2T field in 
the semimetal TaP, as shown in the inset in Fig. 1(a), as 
well as TaAsdl. 

The relative change of the MR at various tem¬ 
peratures as a function of magnetic field is plot¬ 
ted in Fig.2(c) and (d) by the typical definition of 
MR[^:-^=[ ^^^^j-~j^^°^ ]x 100%. where p{H) is the resis- 
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FIG. 3. (Color online) (a) The Hall resistivity versus magnetic 
field from 2 to 300K, strong SdH oscillation were observed be¬ 
low lOK. Inset: Hall resistivity for the higher temperatures 
and for lower temperatures in lower fields, (b) Hall conduc¬ 
tivity ayx at five representative temperatures as a function 
of field. The solid lines are the fitting curves from the two- 
carrier model. Inset: The temperature dependence of the mo¬ 
bilities and carrier concentrations of the electrons and holes, 
(c) The MR versus magnetic field measured at 2K for various 
H alignment with respect to I. (d) The MR versus magnetic 
field measured at 2K for H near in parallel to I. 


tivity measured at H for each given isotherm. At 2K, 
the MR reaches to 3.28x10®% at 8T, two times larger 
than that in the recently reported compound WTe 2 at 2K 
in 8T although its RRR is 1-2 orders of magnitude less 
than that of the latter, and does not appear saturation 
in the highest field in our measurements. Remarkable, 
the MR at room temperature (300K) can reach to 176% 
at 8T, and increases almost linearly with field without 
any saturation, indicating that these WSMs can be used 
in the magnetic device in the future. It can be seen ex¬ 
plicitly that there is a transition from quadratic MR at 
low magnetic fields to linear MR at high magnetic fields 
at a given temperature, as expected theoretically for the 
WSMs [ 3 ^. The relative MR of many metal and semimet¬ 
als can be represented by the form, commonly referred to 
as Kohler’s ruleji^, Ap/p{0)—F[H/p{0)], where F{H) 
usually follows a power law. As shown in Fig.2(b), al¬ 
though all the MR data below lOOK collapse onto the 
same curve, the MR does not follow a simple power law. 
And we found that the MR data above lOOK does not col¬ 
lapse this curve, indicating that phonon scattering plays 
a role at higher temperatures. The following Hall resis¬ 
tivity and SdH oscillation analysis help to understand 
this complexity. Another, there are Shubnikov-de Haas 
(SdH) oscillations superimposing on the MR, which am¬ 
plitude increases with decreasing temperature. Detailed 
analysis of the SdH data will be presented below. 

Then, we discuss the charge carrier information about 
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FIG. 4. (Color online) (a) The Fourier transformation for 
magnetoresistivity after subtracting the non-oscillation part, 
measured at 2K for various H alignment with respect to c 
axis, and keeping H A I. (b) Ap^x as a function of 1/poH 
at 2K, 5K, and lOK, where is the oscillation part in 

the magetoresistivity p^x after subtracting po for (3=0. (c) 
The angle dependence of resistance , Rxx{fi), measured at 2 
K and 3 T. (d) Linear fitting of the Landau fan diagram for 
Fi= 25.6 T, showing a non-trivial Berry’s phase with strong 
offset of 0.3958. 


TaP compound. Figure 3(a) shows the Hall resistivity 
as a function of magnetic field, pyx{H), measured at 
various temperatures. At higher temperatures (above 
140K), the positive slope of pyx{H) indicates that the 
holes dominate the main transport processes. At lower 
temperatures (below 140K), even at the lowest temper¬ 
ature (2K) the slope of pyx{H) changes from a positive 
to a negative value with increasing field, as shown in the 
inset of Fig. 3(a), indicating the coexistence both elec¬ 
tron and hole carrier charges. SdH oscillations superim¬ 
posed on the Pyx{H) at higher field below lOK is also 
obvious. As done in Ref. 1^ for the TaAs compound, 
we fitted the Hall conductivity tensor calculated using 
<^xy=Pyxl{Pxx~'<~Pyx) ^>7 adopting a two-carrier model[36|. 
axy=[nhpl Where Ue {nu) and 

Pe (ph) denote the carrier concentrations and mobilities 
of the electrons (holes), respectively. Figure 3(b) presents 
the fitting for axy data measured at five representative 
temperatures. It should be pointed out that the Hall 
conductivity above 180K is mainly from the hole band 
due to the thermal depopulation of hole-like pockets just 
above the Fermi level, thus the rih and pu values above 
180K were estimated by using a single band fitting. The 
obtained rig (n/,) and pe (ph) values by fittings in whole 
temperature range are shown in the inset of Fig.3(b). At 
first, it is obvious that the rig and rih values at lower tem¬ 
peratures (below lOOK) are almost the same, such as at 
2K, 77,6=2.58xl0^®/cm®, 7771 = 2 .90x 10^®/cm®, indicating 
TaP is indeed a low carrier concentration, hole-electron 
compensated semimetal, which is in consistent with the 
discussions above about the extremely large MR. Notes 
that the Uh has an obvious increase at 140K with in- 
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creasing temperature. Secondly, at lower temperatures, 
the mobility of hole, /x/j, is one order of magnitude larger 
than ^e, such as at 20K, /x/i=3.71xl0® cm?jY s, and 
/ie=3. 04x10^ CTO^/V^in contrast with that in other 
WSMs, such as TaAsflG. NbAs[3^ and NbPfl^, in 
which usually ^,e>^ih- Note that as increasing tempera¬ 
ture, both /x/j and /Xg have an obvious decrease around 
140K due to enhancement of phonon thermal scattering. 
The mobility of carriers in all the WSMs, such as TaAs, 
NbAs and NbP, verified recently, as well as TaP reported 
here, are comparable, but much higher than that in the 
conventional semimetals, such as WTe 2 [ 1 ^ and high pu¬ 
rity Bi[2^, graphite 2^- This is related to the exis¬ 
tence of Weyl fermion in these compounds. 

In the WSM, due to the presence of chiral Weyl node 
pairs, unconventional neg ative MR induced by the Adler- 
Bell-Jackiw anomalv[38l |39| (also named as the chiral 
anomaly) would be expected when H is applied in par¬ 
allel to the electric field A, he., the current direction /. 
Thus, we measured the MR at 2K for the different an¬ 
gles, 9, denoted as in the inset of Fig.3(c), between H 
and I. As shown in Fig. 3(d), when 0=90°, he., H || 
I, the negative MR is indeed observed, reaches to near 
-3000% at 9T, and exhibits no signature of saturation 
even at the highest field in our measurements. This be¬ 
havior is different with that in other WSMs, such as in 
TaAs [13, and NbP [13 , in which MR changes soon from 
negative to positive value as H increases, and may be 
due to TaP having a larger distance of Weyl nodes in 
the momentum space[43. Another, the MR curve has a 
small positive peak below 2T, which was also observed in 
Bii_ 2 ;Sba;[ 43 , TaAsfl^. and NbP 15|, and attributed 
to a weak anti-localization. It is obvious that the SdH 
oscillation superimposing onto the MR. If 0 decreases to 
88 °, the unsaturated negative MR remains, but its value 
decreases. When d < 85°, the MR becomes positive value 
and reaches the maximum value as 0 = 0 °, as shown in 
Fig.(c). 

In order to get the information of the Fermi surface 
of TaP, we also measured the magnetoresistivity, Pxx{H) 
(not shown here) for different angles (3, between H and 
c axis, represented in the inset of Fig.4, and keeping H 
T /. Figure 4(c) shows the angle dependence of resis¬ 
tance measured at 2K and 3.0T. It is found that the 
resistance in magnetic field exhibits maximum at /3=0, 
and reaches a minimum value at /3=45°, indicating the 
anisotropy of the Fermi surface topology. In fact, for all 
the angles, strong Shubnikov-de Haas (SdH) oscillations 
superimpose onto the Pxx(Ji). 

First, we discuss another interesting consequence 
due to the presence of chiral Weyl node pairs: a 
nontrivial Berry’s phase (4 >b) realizes in TaP, which 
is the characteristic feature of the charge carri¬ 
ers that have fc-space cyclotron orbits enclosing a 
Dirac points. [4ll444l| . We use the expression|37j: 
Pxx=Po+^Pxx=Po[^+A{B,T)cos2Tr{F/B+-f)], to ana¬ 


lyze the SdH oscillations in pxx{H), as H || c axis, i.e. 
(3=0° in the Fig. 4. Here po is the non-oscillatory part 
of the resistivity, A{B,T) is the amplitude of SdH oscil¬ 
lations, iJ=/xoH is the magnetic field, and 7 is the On- 
sager phase, and F=^Af is the frequency of the os¬ 
cillations, where Af is the extremal cross-sectional area 
of the Fermi surface (FS) associated with the Landau 
level index n, e is the elementary charge, and h 

is the Plank’s constant. Figure 4(b) shows the /S.pxx 
as a function of 1/poH at 2K, 5K, and lOK after sub¬ 
tracting pq. Obviously, there are two sets of oscilla¬ 
tions, corresponding to two frequencies of Fi= 25.6 T, 
and Fi= 49.6 T, confirmed by its Fourier transformation 
(/3=0) in Fig.4(a). According to Onsager relation, the 
extremal cross-sectional areas of the FS were estimated 
as Af=2.439x 10“^ , 4.725x10“^ A^ corresponding to 

Fi and F 2 , respectively, which are very small compared 
with the whole cross-sectional area of the first BZ[l 3 . 
Then we focus on the SdH oscillation with Fi. To deter¬ 
mine the Berry’s phase of the carriers, we have plotted 
the Landau fan diagram, as shown in Fig. 4(d), linear 
fitting gives an Onsager phase of 7 =-0.3958. The exis¬ 
tence of a nontrivial Berry’s phase with strong offset of 
0.3958 confirms its Weyl fermions behavior. It has been 
predicted [l 3 by the ab initio calculations that there are 
12 pairs of Weyl nodes in the Brillouin zone (BZ), the 
eight pairs locates at fcz ^ ± O.Ott/c' (named Wl) where 
? = c /2 and the other four pairs sit in the kz=0 plane 
(W2). As H is applied along c axis, possible WSM elec¬ 
tron pockets and hole pockets are quantized equivalently 
duo to the four-fold rotation symmetry of the Brillouin 
zone (BZ)[3. So, we expect that the two major oscilla¬ 
tion frequencies at (3=0° are assigned to these two types 
Weyl nodes. 

Second, we focus on the angle {(3) dependence of the 
SdH oscillations frequency. As shown in Fig.4(a), with 
increasing (3, Fi peak at (3=0 shifts to a little higher fre¬ 
quency then turns back, exhibiti^ a near isotropic be¬ 
havior, as expected for Wl cones [9|- But for F 2 at (3=0, 
corresponding to the anisotropic W2 nodes, it is difficult 
to give clear trend to change with angle (3. Interestingly, 
there are another two peaks at F'=112 T and 146 T for 
(3= 45° and 50° curves, except for the major peak at 
32.8T corresponding to Wl nodes. These high frequency 
peaks may originate from the other massive bands near 
FS, which seems to provide an explanation for the mini¬ 
mum of MR observed at (3=4,5°. 

In summary, we have measured the longitudinal resis¬ 
tivity (pxx) and Hall resistivity (pyx) for TaP single crys¬ 
tal. It is found that at 2K its MR reaches to 3.28x10®%, 
especially at 300K can reaches to 176% at 8 T, and both 
do not appear saturation even at the highest field in 
our measurements. Hall resistivity measurements con¬ 
firmed that TaP is indeed a low carrier concentration, 
hole-electron compensated semimetal, with the high mo¬ 
bility. Remarkably, as a magnetic field (H) is applied 
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in parallel to the electric field (E), the negative MR due 
to chiral anomaly is observed, reaches to near -3000% at 
9T, and exhibits also no signature of saturation, which 
distinguishes with other WSMs. Based on the analysis 
Shubnikov-de Haas (SdH) oscillations superimposing on 
the MR, it is found that a nontrivial Berry’s phase with 
strong offset of 0.3958 realizes in this compound, which 
confirms its Weyl fermions behavior. 
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